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Rekabentuk Paya Tiruan Aliran Sub-permukaan Mendatar yang Baharu 
bagi Pengolahan Pencelup Azo 
Abstrak 
Penyaluran air buangan industri tekstiI yang mengandungi' pencelup azo ke dalam 
hadan air mengakihatkan masalah astetik dan mencegah penembusan cahaya dan 
pemindahan oksigen ke dalam air. Oleh itll, pengolahan efluen industri yang 
mengandungi pencelup azo and hasil penguraian adalah penting sebelum pembuangan 
terakhir ke persekitaran. Pencelup azo dapat dimineralisasikan di bawah keadaan 
anaerobik diikuti dengan keadaan aerobik. Paya tiruan hibrid yang mengandungi 
kombinasi paya tiruan beraliaran mendatar (HF) dan yang heraliran tegak (VF) dapat 
memelihara keadaan anaerobik dan aerobik secara berturutan dan, oleh itu, merupakan 
sistem pengolahan biologi yang munasabah untuk menyingkirkan pencelup azo 
daripada air buangan. Namun, kelemahan sistem hibrid adalah keperluan luas tanah 
yang besar dan suatu sistem pengembalian. Penyelidikan ini membangunkan sebuah 
paya tiruan aliran sub-permukaan mendatar (HSF) berekabentuk barn yang 
menggunakan 'baffle' untuk membolehkan aliran ke atas dan ke bawah secara 
berturutan di sepanjang lintasan pengolahan bagi penyingkiran pencelup azo Acid 
Orange 7 (A07). Rekabentuk tersebut dapat memelihara keadaan aerobik, anoksik dan 
anaerobik secara berturutan di dalam paya tiruan yang sarna. Prestasi bagi paya tiruan 
yang barn dan konvensional, berturnbuhan dan tanpa tumpuhan, dalam penyingkiran 
A07 dibandingkan pada rnasa retensi hidraulik (HRT) 5, 3 dan 2 hari apabila air 
buangan domestik yang ditambahkan dengan 300 rng/L A07 diolahkan. Keputusan 
menunjukkan bahawa unit baru bertumbuhan dapat mencapai penyingkiran A07 
sebanyak 100%, 83% dna 69% berbanding dengan 73%, 46% dan 30% yang dicapai 
oleh unit konvensional bertumbuhan pada HRT 5, 3 dan 2 hari masing-masing. 
Lintasan Iebih panjang yang dibekalkan oIeh unit paya baru membolehkan lebih 
sentuhan di antara air buangan dengan rizom. mikrob dan zon m~kro-aerobik 
mengakibatkan keupayaan pengoksidaan penurunan (ORP) yang lebih tinggi dan 
pre stasi yang dipertingkatkan. Kajian kinetik telah menunjukkan bahawa kadar 
biouraian bagi A07 adalah lebih cepat di bawah keadaan aerobik. Di samping itu, 
mineralisasi A07 yang Iengkap telah dicapai di dalam unit paya baru bertumbuhan 
disebabkan wujudnya bersama keadaan aerobik, anoksik dan anaerobik. 
Novel Design of Horizontal Subsurface-flow Constructed Wetland for The 
Treatment of Azo Dyes 
Abstract 
The discharge of azo dye-containing textile industrial wastewaters into water bodies leads to 
aesthetic problems and obstructs light penetration and oxygen transfer into waters. Therefore, 
treatment of industrial effluents containing azo dyes and their degradation products is 
essential prior to their final discharge to the environment. Azo dyes can be mineralised under 
anaerobic followed by aerobic conditions. Hybrid constructed wetland which consists of a 
combination of horizontal-flow (HF) and vertical-flow (VF) constructed wetlands can nurture 
both anaerobic and aerobic conditions sequentially and is therefore the most logical biological 
treatment system for removing azo dyes from wastewater. However, the limitations of hybrid 
system are the requirements of a relatively large land area and a recycling system. This 
research developed a newly designed horizontal subsurface-flow (HSF) constructed wetland 
. incorporating baffles to facilitate up and down flows sequentially along the treatment path for 
the removal of Acid Orange 7 (A07). The design was able to nurture sequentially aerobic, 
anoxic and anaerobic conditions within the same wetland bed. The perfonnances of the 
baffled and conventional HSF constructed wetlands, planted and unplanted, in the removal of 
AD7 were compared at the hydraulic retention times (HRT) of 5, 3 and 2 days when treating 
domestic wastewater spiked with A07 concentration of 300 mgIL. The planted baffled unit 
was found to achieve 100%,83% and 69% A07 removal against 73%,46% and 300/0 for the 
conventional unit at HRT of 5, 3 and 2 days, respectively. Longer flow path provided by 
baffled wetland units allowed more contact of the wastewater with the rhizomes, microbes 
and micro-aerobic zones resulting in relatively higher oxidation reduction potential (ORP) and 
enhanced performance as kinetic studies revealed faster A07 biodegradation rate under 
aerobic condition. In addition, complete mineralization of A07 was achieved in planted 
baffled wetland unit due to the availability of a combination of aerobic, anoxic and anaerobic 
conditions. 
1. Introduction 
Azo dyes, which are aromatic compounds with one or more -N=N- groups, are 
the most commonly used synthetic dyes in commercial applications especially in textile 
industry. They account for the majority of all textile dyestuffs produced because of the 
ease and cost effectiveness of their synthesis, their stability and the variety of colours 
available in them compared to natural dyes (Chang et aI., 2004). They are extensively 
used in the textile, paper, food, leather, cosmetics and pharmaceutical industries. Their 
discharge into water courses leads to aesthetic problems and obstructs light penetration 
and oxygen transfer into waters, hence affecting aquatic life. The degradation of azo 
dyes may lead to the production of toxic by-products, such as aromatic amines, which 
have been described as mutagenic and carcinogenic (Davies et al., 2009). Therefore, 
treatment of industrial effluents containing azo dyes and their degradation products is 
. essential prior to their final discharge to the environment. 
Many processes are available to treat the dye-containing wastewaters. Anlong 
others, several physic-chemical processes have been used for the removal of dyes from 
wastewaters such as coagulation-flocculation (Moghaddam et al., 2010), absorption 
(Wang and Li, 2013; Ravikumar et al., 2007), advanced oxidation processes (Guimaraes 
et. al., 2012), photodegradation (Li et aI., 2012) and ozone treatment (Muthukumar et al., 
2004). Although high dye removal can be achieved, the disadvantages of physico-
chemical processes include higher cost and production of large amount of sludge. Most 
physical processes strictly do not remove the dye but merely transfer the dye fronl the 
solution to solid· phase. 
In contrast, biological processes are receiving more and more attention since 
they are cost effective, environmentally friendly and do not produce large quantities of 
sludge. In most cases, azo dyes are easily decolorized via the cleavage of the azo bonds 
under anaerobic conditions. The main drawback of azo dye reduction under anaerobic 
conditions is the generation of aromatic amines which resist further degradation (van 
der Zee et aI., 2001). The aromatic amine residues, however, can be mineralized 
aerobically. Thus, many researchers have adopted sequential anaerobic-aerobic (AlO) 
systems for complete degradation of azo dyes (Ong et aI., 2005; Lourenco et aI., 2006; 
Li et aI., 2010). A wastewater treatment system which can nurture both anaerobic and 
aerobic conditions sequentially is therefore the most logical concept for removing azo 
dyes from wastewater. In this sense, hybrid constructed wetlands which consist of a 
combination of horizontal-flow (HF) and vertical-flow (VF) constructed wetlands fit the 
concept very well. In fact, hybrid constructed wetlands are being operated in many 
countries around the world with reported applications in the treatment of various types 
of wastewaters (Abidi et aI., 2009; Serrano et aI., 2011; Ghrabi et aI., 2011; Saeed et aI., 
2012). Nonetheless, there was essentially no information on the use of hybrid 
construction wetlands in the treatment of azo dyes though limited infonnation on dye 
removal using conventional constructed wetlands are available (Davies et aI., 2006; Ong 
et aI., 2009; Yadav et aI., 2012). 
In this study, a novel design for the HSF constructed wetland incorporating up 
and down flow sequentially has been developed to enhance the removal of pollutants. 
The design allows the treatment of the pollutants under mUltiple aerobic, anoxic and 
anaerobic conditions sequentially in the same constructed wetland. This was achieved 
by inserting vertical baffles along the width of the wetland· thus forcing the wastewater 
to flow up and down instead of horizontally as it travelled from the inlet to the outlet. 
Thus, the objectives of this study are: (i) to compare the performance of the barned and 
conventional HSF constructed wetlands, planted and unplanted, in the removal of Acid 
Orange 7 (A07) and (ii) to investigate the fate of A07 in the wetland systems. 
Graded gravel is commonly used as the growing medium in constructed 
wetlands. This material provides the support for the attached-growth biomass but has a 
very low capacity for sorption and precipitation (Vymazal, 20 10). In recent years, other 
materials such as furnace steel slags (Vohla et ai., 2005), raw rice husk (Tee et ai., 2009) 
and peat/crushed pine bark (Wang et aI., 2010) have been tested as growing media in 
constructed wetlands with success. Tee et al. (2009) found that rice husk-based media 
allowed the roots of wetland vegetation to penetrate deeper as compared to gravel media, 
thus providing a higher density of rhizomes and more micro-aerobic zones. In this study, 
a combination of raw rice husk and pea gravel in a volume ratio of 2: 1 was used as the 
wetland media. 
2. Material and methods 
2.1. Description of HSF constructed wetland system 
Four fibre-glass experimental-scale subsurface-flow constructed wetland units of 
dimension 2.0 x 0.5 x 0.8 m (Length x Width x Height) were built and set up outdoors. 
Two of the units were baffled to allow horizontal and vertical flows sequentially along 
the treatment path and the other two were conventional horizontal flow units. Fig. 1 a 
and b shows the cross section of the baffled wetland unit and the experimental system, 
respectively. Each of the baffled units was divided into six equal segments of 0.33 m in 
width by five fibre-glass plates with a height of 0.5 m. The first, third and fifth plates 
were placed vertically with a gap of 0.10 m from the bottom whereas the second and 
fourth plates were placed with·a gap of 0.10 m from the surface of the media. This 
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Fig. 1. (a) Cross section of the baffled wetland unit and (b) diagram of the experimental 
system. 
baffled design facilitates the up-flow and down-flow conditions sequentially in the 
wetland units. 
Each of the baffled (NDP) and unbaffled (ODP) wetland units was planted with 
cattails (Typha latifolia) collected from local natural wetlands at a density of 44 
rhizomes/m2• The other two units, one baffled (ND) and the other unbaffled (00), were 
unplanted and served as control. The support media of all the units were packed to a 
depth of 0.60 m and consisted of raw rice husks packed from the front portion of the 
wetland to fill up 66.5% of the wetland volume and graded gravel (2.4-4.8 mm) 
occupying the remaining space toward the end portion. The rice husk media were 
packed to a depth of 0.55 m and covered with a layer of graded gravel of 0.05 m in 
thickness. The raw rice husks were first sieved and only those collected on the 3-mm 
sieve were used. They were washed repeatedly with tap water and dried under sunlight. 
For each wetland unit, taps were placed along one side of the unit at the depths of 0.30 
and 0.60 m at the distances of 0.32, 0.65, 0.99, 1.32 and 1.65 m correspondingly to the 
positions of A, B, C, D and E, respectively, from the inlet and at the end position EF. 
Thus, A30 would denote position A at the depth of 30 cm. Simple overflow was 
provided at the outlet. Based on Fig. 1 a, the patterns of flow experienced at A, C and E 
would be down-flow whereas those at Band D would be up-flow. 
2.2. Treatment studies 
Primary-treated domestic wastewater from the student hostels in the university 
campus was fed to the four wetlands units in parallel at the fixed influent flow rate of 
68.7 mUmin using peristaltic pumps to achieve a nominal hydraulic retention time 
(HRT) of 5 days. After the cattail plants had attained full· maturity (as indicated by the 
appearance of flowers and fruits) which took about 3 months, the wetland units were fed 
with the same domestic wastewater spiked with increasing A07 concentration until 300 
mg/L of A07 in the feed was attained. Once a fairly constant A07 removal efficiency 
was observed, the HRT was reduced to 3 days and subsequently to 2 days to evaluate 
the A07 removal efficiency. 
Sampling for the determination of A07 concentrations was always carried out at 
8.00 am based on the results of the evapotranspiration and evaporation studies (data not 
shown) indicating that the inlet and outlet flow rates were almost equal at this hour. 
Samples were collected from the inlet, outlet (EF) and the intermediate positions of A, 
B, C, D and E at the distances of 0.32, 0.65, 0.99, 1.32 and 1.65 m, respectively, from 
the front of the wetland unit at the depths of 0.3 and 0.6 m. The temperatures of the 
collected samples varied in the range of 23 - 34°C with a mean value of 27 °C. Filtered 
sample was used to determine the AD7 concentration spectrophotometrically at Amax of 
488 run using an UV -Vis spectrophotometer (Thermo Model HeIios Alpha). 
2.3. Oxidation-reduction potential, pH and temperature measurements 
These measurements were conducted before the introduction of AD7 into the 
wetland system. Water samples were collected from the sampling taps of the wetland 
units and allowed to fill up 50-mL HDPE containers without any head space. The 
samples were stirred continuously and the oxidation-reduction potential (ORP), 
temperature and pH values were then measured using a pH meter (Eutech Model PH 
1100). The electrode was inserted in a 50 mL plastic container. Measurement was 
carried out at the same sampling point in every 1.5 h for duration of 24 h. 
2.4. Kinetic studies of AD7 degradation under different redox conditions 
After the introduction of 300 mg/L of A07 into the wetland units operating at 5-
day HRT for 60 days, water samples contained A07-acclimated biomass were collected 
from the perforated tube at location C of each wetland unit at 0.3 and 0.6 m and then 
combined to form a single composite sample. The sample was added into three 1-L 
reaction vessels, each with a working volume of 0.5 L and the content was agitated with 
magnetic stirrer at 26 ± 1°C. The reaction vessels were kept air-tight with two ports, 
one each for aeration and sampling. Air was introduced via an aquarium air pump into 
one of the reaction flasks to maintain the dissolved oxygen (DO) of the solution at 2 ± 1 
mg/L in order to observe the biodegradation kinetics under aerobic condition. For the 
other two reaction flasks, one was maintained under anoxic condition (-50 ± 20 m V) 
and the other under anaerobic condition (-200 ± 20) m V using oxygen-free nitrogen gas. 
At certain time interval, samples were collected from the reaction vessels for the 
determination of A07 concentrations. After the study, the samples were filtered and the 
residues were dried in an oven at 105°C, cooled in desiccators and weighed to 
determine the dry biomass weight. 
2.5. Determination of AD7 degradation intermediates 
Identification of the degradation intermediates of A07 in water samples 
collected from the four wetland units operating at 5-day HRT at positions A, B, C, D, E 
and EF at the depth of 0.3 mwas conducted using GC/MS (Perkin-Elmer Clarus 600) 
after 300 mg/L of A07 was added for 120 days. Prior to GC/MS analyses, a 300-mL 
filtered sample was extracted three times under acidic, neutral and alkaline conditions, 
respectively, using 30 mL of dichloromethane. The three extracts were mixed, 
dehydrated with anhydrous sodium sulfate and then concentrated to 1 mL by blowing 
with nitrogen gas. After that, 1 JlL of the concentrated sample was injected into the Ge-
MS analyzer. A DB-SMS capillary column with an inner diameter of 0.2S0 mm and a 
length of30 m was adopted in the separation system. The GC column was operated in a 
temperature programmed mode by maintaining the temperature at 40°C for 1 min, then 
increased to 2S0 °c with an increment of 5 °C/min and finally held at 250°C for 10 min. 
The mass spectrum was interpreted with reference to the NIST02 mass spectral library 
database. The primary-treated domestic wastewater was used as the blank. 
3. Results and discussion 
3.1~ Oxidation-reduction potential (ORP) 
The diurnal ORP values measured at B30-E30 for the HRT of 2 and 5 days are 
shown in Fig. 2 and 3, respectively whereas those measured at B60-E60 for the two 
HRTs are shown in Fig. 4 and 5, respectively. 
3.1.1. Effects o/vegetation 
Figs. 2 and 3 show that the diurnal fluctuations of ORP values for all the 
sampling locations in the planted units were much larger than those in the unplanted 
units irrespective of the HRT. For instance, the ORP values at C30 of the NDP and 
ODP wetland units varied from +93 to -100 mV and from +25 to -116 mY, respectively, 
whereas those values measured for ND and OD units only varied from -117 to -140 mV 
and from -127 to -ISO mY, respectively. It was observed that the diurnal ORPprofiles 
measured at all the positions of NDP and ODP exhibited a 'hump' between 8 am to 3 
pm. The ORP values started to increase between 8 to 9 am for both planted wetland 
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Fig. 5. Diurnal ORP profiles determined at sampling locations (a) B60 (b) C60 (c) D60 
and (d) E60 in planted and unplanted baffled wetland units (NDP and ND), and planted 
and unplanted HSF units (ODP and OD) operated at 5-day HRT. 
units as the intensity of sunlight increased and the ORP values attained the maximum 
values between 1 to 3 pm. This kind of redox dynamics following the daily variation of 
I 
daylight was also observed by WieBner et al. (2005). A study by WieBner et al. (2002) 
has shown that the oxygen release rate by the roots of emergent plants was influenced 
by the intensity of light reaching the plant leaves. Increase of light intensity will result 
in greater amount of oxygen being released and also the redox conditions in the 
rhizosphere of the planted wetland units. 
3.1.2. Effect of wetland design 
The design of the planted and unplanted baffled wetland units has resulted in a 
greater shift in the diurnal ORP profiles under the up-flow and down-flow conditions. 
For instance, comparing the ORP profiles between B30 and C30 (Fig. 2a and b) as well 
as between D30 and E30 (Fig. 2c and d) at HRT of 2 days, and also at HRT of 5 days 
(Fig. 3), it was observed that the ORP profiles had shifted upwards under down-flow 
condition. In contrast, there was relatively little shift in the diurnal ORP profiles for the 
unbaffled wetland units. As a result, the diurnal ORP values at positions B and D in the 
NDP and ND units were lower than those in the ODP and OD units but were higher at 
positions C and E. 
From positions A to B and similarly from C to D, the pore water travelled 
downward and came into contact with relatively more organic matter due to settling 
effect at· the bottom of the wetland units before travelling upward. This has resulted in 
the ORP values at positions B30 and D30 in the baffled wetland units being lower 
compared to those values in the unbaffled units. On the other hand, from positions B to 
C and similarly from D to E, the pore water travelled upward towards the air-water 
interface before travelling downward. In the process, part of the pore water was exposed 
to the air resulting in an increase of the ORP values detected at positions C30 and E30. 
I 
The 'humps' observed for the diurnal ORP profiles at C30 and E30 of the NDP 
unit were evidently larger than those of the ODP unit (Fig. 2b and d, also Fig. 3b and d). 
This was due to the fact that the pore water was forced to travel through a longer path as 
compared to the path in the ODP unit as a consequence of the flow pattern from 
positions B to C and similarly from D to E in the NDP unit. Thus, the pore water was 
allowed to come into contact with more rhizomes and more micro-aerobic zones thus 
resulting in higher ORP values. 
3.1.3. Effect o/wetland depth 
Comparison of the diurnal ORP profiles for all sampling positions in all the 
wetland units at the depths of 0.30 and 0.60 m at the HRT of 2 days (Fig. 2 and 4) and 
at the HRT of 5 days (Fig. 3 and 5) shows that the ORP values were significantly higher 
at 0.30 m than at 0.60 m. Two major opposing factors which influence the ORP values 
in the wetland are the density of the rhizomes and the amount of the organic matter 
which serves as the electron donor. In this case, both factors have contributed to the 
lower ORP values at 0.60 m as compared to those at 0.30 m since the amount of organic 
matter at 0.6 m should be higher than that at 0.30 m due to the settling effect and the 
rhizome density ·was lower at deeper depth. 
3.2. Removal 0/ A07 
Fig. 6a-c shows the accumulated removal efficiencies profiles of A07 removal 
efficiency along the treatment path at the steady state in baffled wetlands units (NDP 
and ND) and conventional units (ODP and 00) at 0.30 media depth for the HRT of 5, 3 
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and 2 days, respectively. It was noticeable that rapid A07 removal occurred at the initial 
part of the wetland units followed by a relatively slower removal for the remaining part 
of the units. The difference in the rates of removal was much more pronounced for the 
planted than the unplanted units. This can be explained by the fact that most of the bio-
solids from the domestic wastewater were retained at the initial portion of the wetland 
media resulting in a faster rate of removal of A07 through biodegradation process. In 
this case, the removal of A07 by adsorption as a major process can be ruled out based 
on the results of separate adsorption studies which showed that only about 0.7 and 0.9% 
of A07 were removed by gravel and rice husk, respectively. 
3.2.1. Effect of AD7 concentration 
The variations in the influent and effluent A07 concentrations for wetland units 
NDP, ODP, ND and OD with operational time for HRT of 5, 3, and 2 days are shown in 
Fig. 7. It was observed that all the wetland units, except NDP, experienced a decrease 
in A07 removal when the A07 concentration was increased from 30 to 200 mg/L at 5-
day HRT. However, there was some evidence of acclimation in all the wetland units as 
the remove efficiency improved after a longer period of operation. Fig. 7 shows that 
when the influent A07 concentration was maintained at 300 mgIL for 5-day HRT, there 
was a progressive increase in effluent AD7 concentration (deterioration in removal 
efficiency) with operational time for wetland units ODP, ND and OD with the most 
serious deterioration observed in the OD unit. In contrast, even at this influent A07 
concentration, the NDP unit was still able to recover quickly to achieve a removal 
efficiency of 100%. The same trend was observed when the wetland units were operated 
at shorter HRT. Previous studies have suggested that increasing dye concentration 
resulted in a decrease of the decolorization rate, probably due to the toxic effect of dyes 
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as well as the blockage of active sites of azoreductase by dye molecules with different 
structures (Tony et aI., 2009; ladhav et aI., 2011). Similar results were reported in the 
bacterial decolorization of various reactive azo dyes (Dhanve et aI., 2008; Saratale et aI., 
2009). It was also observed that reactive azo dyes with sulfonic acid (S03H) groups on 
their aromatic rings greatly inhibited the growth of microorganisms at higher dye 
concentrations (Chen et aI., 2003; Kalyani et aI., 2009). 
3.2.2. Effect o/vegetation (phytoremediation) 
It is evident from Figs. 6 and 7 that the planted units achieved higher AD7 
removal efficiencies than the unplanted units irrespective of dye concentrations and 
HRTs. For example, NDP and ODP wetland units could achieve 100% and 73% of A07 
removal, respectively, at 5-day HRT when the A07 concentration was increased to 300 
mg/L. In comparison, ND and OD could only achieve 57% and 26% of A07 removal, 
respectively. It was therefore evident that wetland plants have a strong influence on the 
perfonnance of wetland units. In this case, the planted wetland units were significantly 
(P < 0.05) better than the unplanted wetland units in AD7 removal. For ODP, a lower 
percentage of A07 removal was observed at higher dye concentration (300 mgIL) 
indicating that higher dye concentration could probably be toxic to the plants. 
In terms of the phytoremediation effect, Ghodake et al. (2009) evaluated the 
performance of three plant species (Brassica juncea, Sorghum vulgare and Phaseolus 
mungo) for the decolorization of the reactive group of azo dyes and textile effluent and 
found that these plants achieved textile effluent decolorization of up to 79, 57 and 53%, 
respectively. Similarly, Blumea malcommi, an herbal plant, was found to degrade textile 
dye Reactive Red 5B (Kagalkar et aI., 2009). It was also reported that the hairy root 
cultures of Tagetes patula L. (Marigold) were effective in the decolorization of Reactive 
Red 198, and the enzyme system in the plant responsible for the decolorization was 
detennined (Patil et aI., 2009). With regard to the mechanism of phytoremediation in 
constructed wetland, it was shown that rhizosphere microorganisms can decompose and 
mineralize the contaminants effectively (Blake et aI., 1993). The degradation products 
could be absorbed by the plants so as to hasten their growth. On the other hand, the root 
exudates could promote the growth and metabolism of microorganisms so as to 
strengthen the biodegradation of contaminants. The rhizosphere could excrete some 
special compounds as the substrates for microbial degradation and to promote the 
growth of microorganisms that are beneficial to degradation reactions. In this way, the 
synergistic effect between plants and microorganisms accelerated the degradation 
reactions (Bais et aI., 2003). 
3. 2. 3. Effect of wetland design 
The results in Figs. 6 and 7 provide clear evidence that the performances of 
baffled wetland units in R07 removal were significantly (P < 0.05) better than those of 
conventional units. This observation could be attributed to the up-flow and· down-flow 
patterns in the baffled units resulting in a relatively longer pathway and exposure to 
more microbes and biofilms. As a consequence, it was shown in Figs. 2 and 3 that there 
was greater variation in the oxidation reduction potential (ORP) values along the 
treatment path of the baffled units in comparison to the conventional units. In the case 
of the planted baffled unit, an additional favourable factor was the presence of aerobic 
and near-aerobic zones during the downflow pathway of the wastewater as shown in the 
ORP measurements. The aerobic and anaerobic zones in the baffled unit influenced the 
activities of microbes in the decolorization of A07 and mineralization of intermediate 
aromatic amines. It was envisaged that A07 was first decolorized by the cleavage of the 
azo bond under anaerobic conditions accompanied by the generation of aromatic amines, 
which inhibited further anaerobic degradation. This toxic effect was successfully 
reduced in the baffled planted wetland unit as the aromatic amine residues were 
mineralized aerobically in the created aerobic zone. In contrast, the conventional 
wetland units, especially the unplanted one, were less capable of mitigating the toxic 
effect of the intermediate amines due to the predominantly anoxic/anaerobic condition. 
Evidence of the toxicity of some degradation intermediates was observed in this 
study. After the addition of 300 mg/L A07 at 5-day HRT for three months, toxic signs 
. like chlorosis symptoms, leaf anatomical changes and plant death were observed more 
in the ODP than the NDP wetland units. The growth of young stems of cattail was 
significantly inhibited in the ODP. From field observation, almost all the leaves of the 
cattail plants in ODP turned to yellowish and no new stems were found after the 
addition of 300mg/L A07 at 5-day HRT. In contrast, the cattail plants in NDP were 
still in relatively good condition and the number of stems in fact increased as the 
operation proceeded. The toxic signs of plants in the ODP unit could be due to the 
effects of intermediate products such as sulfanilic acid and l-amino-2-naphthol 
generated in the reduction of A07. 
3.2.4. Effect of HRT 
The treatment data in Figs. 6 and 7 show that HRT is an important operational 
factor in affecting the removal efficiency of A07 in all wetland units treating 300 mg/L 
of A07. Although complete A07 removal was achieved in NDP at 5-day HRT, the 
removal efficiency deteriorated to 88 and 69% when the HR T was reduced to 3 and 2 
days, respectively. For ODP, the reduction in A07 removal efficiency was even more 
drastic with the efficiency· decreased from 73 to 46 and to 30% when the HRT was 
reduced from 5 to 3 and to 2 days, respectively (Fig. 6). Drastic reduction in A07 
removal efficiency under decreasing HRT was also observed in the unplanted wetland 
units. In fact, there was effectively no A07 removal in OD wetland unit at 2-day HRT. 
It is therefore anticipated that longer HRT would improve overall percentage removal of 
dye due to longer contact time with the microorganisms in the media. 
3.3. Comparative kinetic studies of A 07 removal under different redox conditions 
To investigate how A07 was removed in the wetland units, kinetic studies for 
the biodegradation of A07 in the composite samples collected from location C of the 
four wetland units at the depths of 0.3 and 0.6 m were carried out under aerobic, anoxic 
and anaerobic conditions and the results are shown in Fig. 8. The time courses of A07 
cQncentration during the biodegradation of A07 under aerobic, anoxic and anaerobic 
conditions show that A07 was biodegradable under the three redox condtions. The 
existence of a lag phase initially before the commencement of A07 biodegradation (Fig. 
8a) was due to the time required by the biomass to be adapted to the experimental 
conditions which were different from those in the wetland units. This explanation was 
substantiated by the absence of the lag phase in the repeated experiment (Fig. 8b). The 
longer lag phase observed under aerobic condition was due to the requirement of a 
period of rest phase for the microorganisms to acclimatize and reproduce under this 
condition since the density of aerobic microbes in the wetland units were conceivably 
lower. Contrary to the perception that dyes can only be degraded under 
anoxic/anaerobic condition, it was reported that there were some azo dyes that could be 
bio-decolorized under aerobic conditions with the help of oxygen catalyzed 
azoreductase (Stolz, 2001; Saratale et aI., 2011). More specifically, AI-Amraniet aI. 
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Fig. 8. Biodegradation of AD7 under aerobic, anoxic and anaerobic conditions for (a) 
composite samples collected from location C of all wetland units and (b) repeated 
experiment by addition of the same initial A07 concentration. 
(2012) reported that A07 could be biodegraded under aerobic condition using A07-
acclimated biomass from sequential anoxic-aerobic operated sequencing batch reactor. 
I 
The rate of A07 biodegradation, r, is defined as 
1 de 
r= 
x dt 
(1) 
where X is the biomass concentration and C is the A07 concentration. By ignoring the 
lag phase, the biodegradation rate was determined from the slope of the A07 
concentration versus time plot in Fig. 8 assuming that the biomass concentration was 
constant. Table 1 shows the biodegradation rates under aerobic, anoxic and anaerobic 
conditions for the first and repeated kinetic studies. It is evident that the biodegradation 
rate of A07 under aerobic condition was greater than those under anoxic and anaerobic 
conditions and that the rate decreased under anaerobic condition in the repeated 
experiment. The slower rate of biodegradation of A07 under anoxic/anaerobic 
condition was due to the presence of the intermediate aromatic amines which resisted 
further degradation. The accumulation of the aromatic amines had exerted an inhibitory 
effect on the microbial population resulting in a lower decolorization rate which became 
more obvious in the repeated experiment. Aromatic amines, including sulfanilic acid 
and l-amino-2-naphthol are normally recalcitrant under anaerobic condition except for 
some aromatic amines. In the case of aromatic amines with sulfonic groups, their 
recalcitrant character is even more marked. The other metabolite of the breakdown of 
A07, namely l-amino-2-naphthol is difficult to be detected due to its fast auto-
oxidation in the presence of air. It was reported that 1-amino-2-naphthol decomposed 
under aerobic condition which caused the color of the solution to change from yellow to 
brown (Keck et·al., 1997). This color change was in fact observed in this study when 
samples were exposed to the air. 
Table 1 
Biodegradation rates of A07 under aerobic, anoxic and anaerobic qonditions. 
Condition Rate, mg A07/mg dried biomass h 1 st expt. Rl 2nd expt. 
Aerobic 3.0 ± 0.6 0.993 4.6 ± 0.6 
Anoxic 0.75 ± 0.04 0.999 0.77 ± 0.03 
Anaerobic 0.76 ± 0.02 0.995 0.47 ± 0.03 
Values are means ± SD (n = 3). 
0.999 
0.971 
0.972 
Based on the results of the kinetic studies, it becomes evident that the existence 
of the aerobic condition in the planted wetlands due to the role of the wetland plants in 
transporting oxygen to the root zone enables the planted wetlands (NDP and ODP) to 
achieve a higher rate of A07 removal and consequently higher removal efficiency. 
Between the two planted wetland units, NDP had the added advantage of the novel 
upflow and downflow design which introduced more and wider aerobic zones along the 
treatment pathway. 
3.4. Fate of A07 in constructed wetlands 
The intennediate compounds were identified based on the GC/MS analyses 
using the MS library except sulfanilic acid which was detennined using UV -Vis 
spectrophotometry. Table 2 presents the intermediate compounds detected in the 
samples collected from various sampling locations of the wetland units at the depth of 
0.3 m, namely sulfanilic acid, l-amino-2-naphthol, hydro quinone, 2-napththalenol, 1,2-
naphthalenediol, 1,4-benzoquinone, 2-hydroxyl-l,4-naphthalenedione, salicylic acid and 
hexanoic acid. It was observed that NDP was the only ODe among the four wetland units 
in which all the identified intermediates were not detected in the effluent. This provides 
a strong evidence that A07 was completely mineralized in NDP due to the advantages 
Table 2 
Intennediate compounds identified in various sampling locations ofNDP, ODP, ND and aD wetland units at 0.30 m after the addition of 300 
mgIL of A07 for 120 days. 
Wetland unit 
Intennediate compound NDP ODP ND aD 
A B C D E EF A B C D E EF A B C D E EF A B C D E EF 
Sulfanilic acid -V -V ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
1 .. amino .. 2-naphthol .y ~ .y ~ .. .y .y .y .y .y .y ~ ~ .y .y .y .y .y .y .y .y .y ~ 
Hydroquinone .y ~ .y -V .y .y 
2-naphthalenol .y .y ~ .y .y .y .y .y .y .y ~ .y .y 
1,2-naphthalenediol ~ 
l,4-benzoquinone ~ ~ ~ .y .y 
2-hydroxyl-l,4-naphthalenedione .y .y .y .y -.J 
Salicyclic acid .y 
Hexanoic acid .y .y 
25 
of the NDP unit being able to provide the combination of aerobic, anoxic and anaerobic 
conditions favorable for the complete mineralization of AD7. In contrast, the 
mineralization of AD7 in DDP was only partially completed as most of the intermediate 
compounds identified were still detected in the effluent samples. Table 2 also shows 
that the degradation products in the later stage of AD7 mineralization were not even 
detected at all the sampling locations of the ND and DD units indicating the poor 
performance of the ND and OD units in the mineralization of A07. 
3.5. Proposed degradation pathway of A07 
Based on the intermediate compounds indentified using the GC/MS and UV -Vis 
methods, a degradation pathway for AD7 in HSF constructed wetland is proposed in Fig. 
9. The first step involves the cleavage of -N=N- bond, resulting in decolorization, with 
the possible formation of the aromatic arnines, namely sulfanilic acid and l-amino-2-
naphthol. Subsequently, sulfanilic acid undergoes further desulfonation resulting in the 
formation of hydroquinone and then 1,4-benzoquinone that is further oxidized to 
carboxylic acids and then to carbon dioxide and water. This pathway was also proposed 
by other researchers using different treatment systems (Li et aI., 2005; Zhao et aI., 2010) . 
. During the degradation of sulfanilic acid to hydro quinone , NfLt + and sol~ are produced. 
Evidence of the production of NJ-4 + has already been presented in Section 3.2 in the 
discussion on the effect of A07 on NHt-N removal. The other aromatic amine, namely 
l-amino-2-naphthol is oxidized to some naphthalene-type compounds, two of which 
had been identified in this study, namely 1,2-naphthlenediol and 2-naphthalenoi. This 
observation is in agreement with those reported by other researchers in several previous 
studies concerning A07 biodegradation (Velegraki et aI., 2006; Zhao et aI., 2010). 
A07 
1 
N=N-o-80, 
OH 
-N=N- cleavage 
OH 
Sulfanilic acid 
j -NH4+ 
-sol-
NH2 
l-Amino-2-Naphthol 
I \\ 
HO~'~OH 
OH 
Hydroquinone j 
0=0=0 l~ ° 
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OH I Salicylic acid 1 OH 0 
Other carboxylic acids ~l OH 
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CO2 + H20 
Fig. 7. Proposed pathways for the degradation of A07 in constructed wetlands. 
Further oxidation of these compounds yields a series of compounds which undergo a 
series of complicated degradation reactions. Finally, aliphatic acids such as hexanoic 
acid are generated due to the cleavage of aromatic ring and they decompose to carbon 
dioxide and water to complete the mineralization process. 
4. Conclusions 
The baffled HSF constructed wetland performed better than the conventional 
unit in A07 removal at the HRT of 5,3 and 2 days due to the sequential up-flow and 
down-flow conditions in the wetland thus allowing the wastewater to travel through a 
longer pathway resulting in more contact with the rhizomes, microbes and micro-
aerobic zones. In addition, the relatively higher ORP values in the planted baffied unit 
were more favourable for the complete mineralization of A07 under aerobic-anaerobic 
conditions. The accumulation of degradation intermediates would exert an inhibitory 
effect on the removal of A07. 
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